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I n  t h i s  study, two p lacer  mine discharge waters of d i f f e r e n t  
c h a r a c t e r i s t i c s  were  t e s t e d  i n  o r d e r  t o  d e t e r m i n e  t h e  
a p p l i c a b i l i t y  of organic polymer f loccu lan ts  t o  achieve reduced 
l e v e l s  of t u r b i d i t y .  The water samples  from b o t h  mines were 
characterized both a s  t o  t h e i r  chemical and physical  properties. 
The jar test was employed t o  e s t a b l i s h  t he  optimum operation 
c o n d i t i o n s  of the f l o c c u l a t i o n  process.  The b e s t  r e s u l t s  were 
obtained employing a ca t ion i c  polymer Superfloc 340 produced by 
American Cyanamid Company. The optimum dosage for water samples 
from both mines were 15 ppm and 40 ppm r e s p e c t i v e l y .  Optimum 
a g i t a t i o n  time was w i t h i n  t h e  range of 3 t o  9 minutes depending 
on the  agitation rate and t h e  pu lp  density of water sample. 
The u t i l i z a t i o n  of s e t t l i n g  ponds, i n  con junc t ion  wi th  
f l occu la t ion  is bel ieved t o  be a p rac t i ca l  method t o  cont ro l  t he  
t u rb id i ty  level of p lacer  mine discharge water. 
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CEIAPTER ONE 
Introduction 
1.1 Introduction t o  Placer Mining 
Placer mining has played a major r o l e  i n  t he  explorat ion and 
d e v e l o p e n t  of Alaska and continues t o  be important t o  t he  Alaska 
economy, P l a c e r  g o l d  u s u a l l y  occu r s  i n  t h e  g r a v e l  l a y e r  t h a t  
over1 i e s  bedrock, The gold-bearing g rave l s  may a 1  s o  be ove r l a in  
by d e p o s i t s  of ba r r en  a l l u v i u m  and loess .  This  o v e r l y i n g  
m a t e r i a l  i s  commonly r e f e r r e d  t o  as  over-burden. The g r a v e l  
l a y e r  u s u a l l y  ranges  from 4 t o  20 fee t  i n  t h i c k n e s s  and i s  
u s u a l l y  mantled by t h e  over-burden which may be up t o  100 feet, 
In  t h i s  s i tuat ion,  the mate r i a l s  processed during p lacer  mining 
are mostly gravel ,  sand and f i n e  slit. 
The methods used f o r  p l a c e r  mining can be c l a s s i f i e d  i n t o  
t h e  following systems: 
(1) Hydraul ic  mining - The gold-bear ing gravel i s  washed 
i n t o  t h e  s l u i c e  box by h y d r a u l i c  g i a n t s  and t h e  subsequent  
t a i l i n g s  are  s tacked  h y d t a u l i c a l l y .  Over-burden removal was 
previously  accamplfshed by hydraul ic  means. 
( 2 )  Mechanical mining - A s l u i c e  p l a t e  i s  u t i l i z e d  a t  t h e  
head of t h e  s l u i c e  box t o  r e c e i v e  m a t e r i a l  conveyed by a 
b u l l d o z e r  o r  a loader .  T a i l i n g  may be s tacked  by e i t h e r  a 
bulldozer,  a loader o r  a dragline. Over-burden usua l ly  has been 
removed by appl icat ion of mechanical equ ipen t ,  
Coarse  t a i l i n g s  a r e  u s u a l l y  moved a s  s h o r t  a d i s t a n c e  a s  
p o s s i b l e  from t h e  s l u i c i n g  area and depos i t ed  a s  t a l l  piles. 
Fine t a i l i n g s  a r e  ca r r ied  downstream by water i n  t h e  t a i l r a c e  t o  
a s e t t l i n g  pond, The volume of water used f o r  s l u i c i n g  v a r i e s  
from a few hundred ga l lons  per minute (gp) t o  many thousand gpm. 
The method and effect iveness  of wastewater treatment depends on 
the volune of water used. The most cummon treatment method is a 
s e t t l i n g  pond or ponds i n  aeries.  Placer mining today, however, 
i s  more t i g h t l y  r e g u l a t e d  than  i n  t h e  p a s t ,  l a r g e l y  o u t  of a 
concern o v e r  its impact on water  q u a l i t y .  The Fede ra l  Water 
Q u a l i t y  Adminis t ra t ion  s t u d i e d  t h e  e f f e c t  of p l a c e r  mining on 
water qua1 i t y  i n  Alaska and concluded (Alaska Water Laborato~y,  
1. P l a c e r  mining o p e r a t i o n s  degrade downstream 
water  q u a l i t y  a s  ev idenced  by an i n c r e a s e  i n  
t u r b i d i t y ,  a r educ t ion  i n  d i s s o l v e d  oxygen 
(D.O.), and a r e s u l t i n g  s i g n i f i c a n t  reduc t ion  
of f i s h  and fish-food organisms. 
2. The major impact on wate r  q u a l i t y  from p l a c e r  
mining comes from t h e  h y d r a u l i c  s t r i p p i n g  and 
s l u i c i n g  operation. 
3. The t e rmina t ion  of mining o p e r a t i o n s  does n o t  
necessar i ly  e l iminate  water q u a l i t y  degradation. 
4. Technique f o r  t h e  c o n t r o l  of sediments from 
m i n i n g  o p e r a t i o n s  a r e  a v a i l a b l e  but a r e  
g e n e r a l l y  no t  being employed a t  t h e  present 
time. 
1.2 Legislat ion and Regulation 
The Federal Water Po l lu t ion  Control Act Amendments of 1972 
( P u b l i c  Law 92-500) is  one of t h e  primary r e g u l a t i o n s  caus ing  
concetn  i n  t h e  mining i n d u s t r y  i n  r ega rds  t o  environmental  
issues. Under this A c t ,  the  e f f l u e n t  l imi t a t i on  requirements are: 
1. Best prac t icab le  c o n t r o l  t echnology  c u r r e n t l y  
a v a i l a b l e  (BPCTCA) s h a l l  be achieved not  l a t e r  
than J u l y  1, 1977. 
2, Best a v a i l a b l e  technology economically achiev- 
a b l e  (BATEA) s h a l l  be a p p l i e d  n o t  l a t e r  than  
J u l y  1, 1983. 
3. New source e f f l u e n t  l i m i t a t i o n s  a n d / o r  
standards, t o  be applied t o  the  construction of 
a l l  new o p e r a t i o n s  which a re  i n i t i a t e d  a f t e r  
proposed standards a r e  f i r s t  published. 
I t  is a n t i c i p a t e d  t h a t  w i t h  a p p l i c a t i o n  of t h e  above c r i t e r i a ,  
the  nat ional  goal  of zero source po l lu t ion  w i l l  be met. 
I n  May 1976, t h e  Environmental P r o t e c t i o n  Agency (EPA) 
issued the  f i r s t  National Po l lu tan t  Discharge Elimination System 
(NPDES) permi t s ,  Under t h e s e  pe rmi t s  t h e  e f f l u e n t  1 i m i t a t i o n s  
are:  
1. The volume of s e t t l i n g  ponds s h o u l d  be l a r g e  
enough t o  contain the  water supply of one day's 
o p e r a t i o n  and t h e  maximum c o n c e n t r a t i o n  of 
s e t t l e a b l e  s o l i d s  from mining operations s h a l l  
not exceed 0.2 ml/liter. 
2. The t u r b i d i t y  a t  a p o i n t  500 feet downstream 
from t h e  d i scha rge  s h a l l  n o t  be h ighe r  than 25 
J a c k s o n  T u r b i d i t y  U n i t s  compared with t h e  
t u rb id i ty  l e v e l  i n  the  receiving stream, Recent 
proposed EPA c r i t e r i a  a r e  presented i n  Appendix 
A. 
I n  October 1973, The Alaska Department of Environmental 
Conservation (ADECI issued its water q u a l i t y  standards a s  Alaska 
Administrative Code (AACI T i t l e  18, chapter 70, t o  which 
amendments were made i n  January 1979. According t o  t h i s  coder 
the l im i t a t i ons  f o r  e f f l u e n t s  from placer  mining are:, 
1, The t u r b i d i t y  s h a l l  not be 25 NTU greater  than t h a t  i n  
the receiving water. 
2,  The temperature s h a l l  not exceed 25O~. 
3. The PH value s h a l l  be within the  range 5.0-9.0. 
4. The d i s s o l v e  oxygen s h a l l  not cause detrimental e f f ec t s  
on es tab l i shed  water supply treatment l e v e l s .  
Among t h e s e  1 i m i t a t i o n s ,  t h e  concentration of s e t t l e a b l e  
s o l i d s  and t u r b i d i t y  a r e  t h e  most s e r i o u s  problems f o r  p l a c e r  
mining i n  Alaska. The ADEC has recent ly  c e r t i f i e d  f ede ra l  water 
q u a l i t y  s t a n d a r d s  of 0.2 m l / l  s e t t l e a b l e  s o l i d s  and 5 NTU 
turbidi ty ,  as assur ing reasonable compliance with state standards 
f o r  water qual i ty .  
1,3 Present Technology of Turbidity Reduction 
There are b a s i c a l l y  f o u r  approaches f o r  t h e  removal of 
s e t t l e a b l e  and suspended s o l i d s .  These inc lude  s e t t l i n g  pond, 
f i l t e r s  and c e n t r i f u g e s ,  h y d r o c y c l o n e s ,  a n d  f l o c c u l a t i o n  
A. S e t t l i n g  Pond 
S e t t l i n g  ponds are  t h e  most common means f o r  removing 
s e t t l e a b l e  s o l i d s  £ram p lacer  mining wastewater, t h a t  require a 
t rea tment  scheme. S e t t l i n g  ponds p rov ide  a r e l a t i v e l y  l a r g e ,  
quiescent area where p a r t i c l e s  s e t t l e  according t o  t h e  concepts 
of Stokes Law. To be e f f e c t i v e ,  the  pond must be l a r g e  enough t o  
remove a c e r t a i n  pe rcen tage  of t h e  suspended p a r t i c l e s  and 
provide  s u f f i c i e n t  s t o r a g e  c a p a c i t y  f o r  sediment  removed from 
suspension.  Many of the f a c t o r s  a d v e r s e l y  a f f e c t i n g  s e t t l i n g  
pond performance a r e  r e l a t e d  t o  s h o r t  c i r c u i t i n g  i n  t h e  pond. 
These f a c t o r s  a r e  desc r ibed  by Weber (1972). The e x t e n s i v e  use  
of s e t t l i n g  ponds as a treatment method is due t o  t h e i r  low cost 
r e l a t i v e  t o  other poss ib le  approaches. 
B. F i l t e r s  and Centrifuges 
F i l t e r s  process  a suspens ion  through a pa th  of c l o t h  
screening or  other membranes i n  order t o  remove both s e t t l e a b l e  
and suspended sol ids .  A vacuum is appl ied below t h e  surface  s o  
that t h e  water and s o l i d s  are drawn t o  it. 
Centrifugal  dryers a t e  machines used t o  c r ea t e  high g rav i ty  
f o r c e s  f o r  t h e  purpose of dewater ing f i n e  s o l i d  p a r t i c l e s .  
P r o p e r l y  opera ted  c e n t r i f u g e s  are g e n e r a l l y  used t o  dewater 
c o a r s e  m a t e r i a l s  b u t  have  a l s o  been used f o r  ex t r eme ly  f i n e  
pa r t i c l e s .  There a r e  t h ree  principal types of perforated basket 
machines: 1) one baske t  w i t h o u t  t h e  t r a n s p o r t i n g  device; 2) a 
basket with p o s i t i v e  type  d i scha rge ;  3)  v i b r a t i n g  baske t  type. 
I t  shall be obvious t h a t  t h e  operation of these devices  is c o s t l y  
(Maneval, 1984). 
C. Hydrocyclones 
The hydrocyclone, probably because of its basic  s impl ic i ty ,  
ha s  been used f o r  v a r i o u s  c l a s s i f i c a t i o n  a p p l i c a t i o n s  s i n c e  
before 1890. The hydrocyclone usua l ly  depends on ex te rna l  power 
f o r  its o p e r a t i o n  most commonly i n  t h e  form of a pump t o  o b t a i n  
t h e  desi red pressure. Feed v e l o c i t y  head and pressure head are 
c o n v e r t e d  t o  both angu la r  and l i n e a r  acceleration, c r e a t i n g  a 
cyc lone  e f f e c t  where t h e  a n g u l a r  acce l e ra t i on  increases a s  t he  
feed l i q u i d  moves from t h e  ou ts ide  w a l l  of the  cyclone toward the  
a x i s  of r o t a t i o n .  As t h e  a n g u l a r  a c c e l e r a t i o n  i n c r e a s e s ,  t h e  
c e n t r i f u g a l  f o r c e s  a l s o  i n c r e a s e ,  caus ing  t h e  s e p a r a t i o n  of 
p a r t i c l e s  by size and/or spec i f i c  gravity.  
D. Flocculation 
Among t h e s e  fou r  approaches,  f l o c c u l a t i o n  i s  t h e  most 
promising technology t o  reduce t u r b i d i t y  t o  meet f e d e r a l  and 
s t a t e  r e g u l a t i o n s .  The main f a c t o r  is p a r t i c l e  s i z e ;  t h e  
operations of t h e  o the r  three approaches  a r e  c o n t r o l l e d  by t h e  
g r a v i t a t i o n a l  property of suspended pa r t i c l e s ,  As t h e  size and 
mass of p a r t i c l e s  becomes smal le r ,  the  r a t i o  of t he  surface  area 
t o  i t s  mass is  ve ry  high, t h u s  the s u r f  ace  p r o p e r t i e s ,  such as 
e l e c t r i c a l  charges, become mote important. On t h e  other hand the  
g r a v i t a t i o n a l  p roper ty  may become i n e f f e c t i v e  i n  s o l i d / l i q u i d  
separations. When the  concentration of f i n e  p a r t i c l e s  i n  p lacer  
mine e f f l u e n t s  i s  high, f l o c c u l a t i o n  i s  t h e  bea t  approach f o r  
s o l i d / l i q u i d  separation and cont ro l  1 ing the  e f f l u e n t s  turbidity.  
1.4 Purpose and Scope of Study 
T h i s  s t u d y  i s  l i m i t e d  t o  t h e  i n v e s t i g a t i o n  of t h e  
a p p l i c a t i o n  of c e r t a i n  f l o c c u l a n t s  t o  reduce t u r b i d i t y  a t  
s e l e c t e d  p l a c e r  mining s i t e s .  S ince  t h e  t u r b i d i t y  of p l a c e r  
mining e f f l u e n t s  is caused main ly  by suspended f i n e  c l a y  
p a r t i c l e s ,  t he  essence of t h i s  study is an invest igat ion of t h e  
f l o c c u l a t i o n  p r o c e s s  app l i cab le  t o  the  clay-water system of 
placer mining d i s c h a r g e s ,  therefore t h e  scope of t h i s  study 
includes : 
1. Analysis of the  suspended so l ids  i n  the system. 
2. Review of the theories of flocculation. 
3 .  Determinat ion  of factors a f f e c t i n g  f l o c c u l a t i o n  
process. 
4. Optimization of the flocculation process t o  control the  
turbidity of placer mine e f f l u e n t s  e f f e c t i v e l y  and 
economically. 
CHAPTER Two 
Theory of Flocculation 
The term f l o c c u l a t i o n  i s  o f t e n  confused wi th  coagu la t ion ,  
although the  two r e f e r  t o  q u i t e  d i f fe ren t  processes, Coagulation 
is b a s i c a l l y  e l e c t r o s t a t i c  i n  t h a t  i t  is  brought  about  by a 
r educ t ion  of t h e  r e p u l s i v e  p o t e n t i a l  of t h e  e lec t r ica l  double  
l a y e r .  ~ l o c c u l a t i o n  is  brought about by t h e  a c t i o n  of high 
molecular weight ma te r i a l s  such a s  s t a r c h  o r  p o l y e l e c t r o l y t e s ,  
where the  material phys ica l ly  forms a bridge between two or more 
p a r t i c l e s ,  u n i t i n g  t h e  s o l i d  p a r t i c l e s  i n t o  a random, th ree-  
dimensional s t r u c t u r e  which is loose and porous (Moss, 1972). 
F l o c c u l a t i o n  depends p r i m a r i l y  upon c o l l i s i o n ,  adhesion 
du r ing  c o l l i s i o n  and minimum red ispers ion .  C o l l i s i o n  i t s e l f  
occu r s  due t o  e x t e r n a l  f o r c e s  in t roduced  by methods such as 
s t i r r i n g ,  Whether c o l l i s i o n  i s  succes s fu l  i n  causing adhesion 
depends on both t h e  physico-chemical i n t e r a c t i o n s  between t h e  
p a r t i c l e s  a n d  t h e  hydrodynamic c o n d i t i o n  i n  t h e  sys t em 
(Somasundaran, 1982) . 
2.1 Physico-chemical Factors 
P h y s i c o - c h e m i c a l  i n t e r a c t i o n s  t h a t  a r e  i m p o r t a n t  i n  
f loccu la t ion  process are canposed of the  Van der Waals a t t r a c t i v e  
f o r c e s ,  e l e c t r i c a l  doub le  l a y e r  f o r c e s  and b r idg ing  f o r c e s  
between adsorbed polymer and p a r t i c l e  surfaces. 
A. Van der Waals Forces: 
The Van der  Waals f o r c e s  a r i s e  from London d i s p e r s i o n  
forces ,  Keesom in te rac t ions  between permanent d ipo les  and Debye 
i n t e r a c t i o n s  between permanent and induced d ip01  es and t h e  
r e s u l t a n t  energy of in te rac t ion ,  Evr is related t o  p a r t i c l e  r a d i i  
a1 and a2 and dis tance of separat ion between t h e  p a r t i c l e s  Ho i n  
t h e  f o l  lowing manner (Hamaker, 1937) : 
Where A is the  Hmaker constant. 
However, this f o r c e  i s  n o t  of as  much importance i n  t h e  system 
under consideration here. 
B. E lec t r ica l  Forces : 
E l e c t r i c a l  forces a r i s e  f tom t h e  charges on p a r t i c l e s  i n  
solution.  The nature and magnitude of t h e  charge a r e  dependent 
on t h e  mechanisms responsible  for t h e  charge generation on t h e i r  
surface. In the  system under this study, t h e  surface  charges of 
clay p a r t i c l e s  o r ig ina te  from c r y s t a l  imperfections. 
According t o  c l a y  mineralogy,  c l a y  m i n e r a l s  be long  t o  t h e  
f ami ly ,  " p h y l l o s i l  i c a t e s n .  The pr inc ipa l  building clments of 
the  c l a y  minerals a r e  two-dimensional a r r a y s  of s i l i con-oxygen  
te t rahedra  and two-dimensions 1 ar rays  of a 1  uminum-hydroxy 1 
oc tahed ra  (Fig.  1). I n  most clay minera l s ,  such s h e e t s  of 
t e t r a h e d r a  and of oc t ahed ra  a r e  superimposed i n  d i f f e r e n t  
fashions. In  the  t e t r ahed ra l  sheet ,  t e t t a v a l e n t  S i  is sometimes 

p a r t l y  replaced by t r i v a l e n t  A l ,  In  the  octahedral  sheet, there  
may be r e p l a c e m e n t  of t r i v a l e n t  A 1  by d i v a l e n t  Mg, The 
replacement is of ten  referred t o  as isamorphous substi tut ion.  In  
t h i s  case an atom of lower p o s i t i v e  v a l e n c e  r e p l a c e s  one of 
higher valence r e su l t i ng  i n  a d e f i c i t  of p o s i t i v e  charge, o r  i n  
o t h e r  words, an  e x c e s s  of n e g a t i v e  charge  on t h e  surface (Fig. 
2). The magnitude of s u r f a c e  charge  depends on t h e  e x t e n t  of 
t h i s  subst i tu t ion.  
With a charged surface, mineral p a r t i c l e s  i n  water acquire 
an e l e c t r i c a l  double layer. A s  the  double l aye r  on the p a r t i c l e s  
begin t o  over lap,  repulsion is observed. This fo rce  is given by 
the  f 01 lowing expressions (Thanas, 1978) : 
vR = P a E$/Z i n  11 + cxp(- K H,)I 
Where P is t h e  p e r m e a b i l i t y  of t h e  medium, Eo is t h e  s u r f a c e  
p o t e n t i a l ,  and K is t h e  double  l a y e r  t h i ckness ,  Ho i s  t h e  
dis tance between par tic1 es. 
C. Flocculant Bridging Forces: 
T h i s  is t h e  most important  force i n  t h e  f l o c c u l a t i o n  
process. Adsorption of f loccu lan t  on minerals  is a very complex 
process since it is influenced by a number of f ac to r s  including 
f l o c c u l a n t  p r o p e r t i e s  such a s  m o l e c u l a r  weight,  type and 
concentration of funct ional  groups, mineral proper t ies  including 
surface charge, porosity, surface pu r i t y  and oxidation state, and 
so lu t ion  proper t ies  such as pH, ionic s t rength  and temperature. 
Forces responsible  f o r  f l o c c u l a n t  a d s o r p t i o n  a r i s e  mainly from 
electrosh t i c  adsorption, hydrogen bonding and chemical bonding 
(Somasundaran, 1986). 
Elect ros ta t ic :  Adsorption is poasible when t h e  f locculant  
and the  mineral sur face  a r e  of opposite charge, r e s u l t i n g  i n  non- 
s p e c i f i c  e l e c t r o s t a t i c  i n t e r a c t i o n .  I n  theory ,  any 
pos i t i ve ly  charged mineral should adsorb any anionic  f loccu lan t t  
< 
and v i c e  versa .  With l a r g e  amounts of adsorbed f l o c c u l a n t ,  
recharging of t he  p a r t i c l e s  and s t a b i l i z a t i o n  should occur, and 
s ince t h e  particle w i l l  then be of opposite charge t o  t he  i n i t i a l  
charge, fu r ther  adsorption of f l occu lan t  w i l l  cease, 
Hydrogen Bonding: Hydrogen bonding is an important method 
of adsorption i n  t he  case  of non-ionic f locculants .  The 
i n d i v i d u a l  bond s t r e n g t h  is r e l a t i v e l y  low bu t  t h e  o v e r a l l  
bonding f o r c e  i s  high. A f e a t u r e  of t h e  hydrogen bond is  t h e  
s h o r t  d i s t a n c e  between t h e  atoms l i n k e d  by t h e  hydrogen. The 
in te rac t ing  atoms must therefore  assume c l o s e  proximity by other 
methods before hydrogen bonding can take place. 
Chemical Bonding: Bonds can a l s o  form by t h e  formation of 
inso lub le  salts,  f o r  example, when po lyacry l ic  acid is adsorbed 
on c l a y ,  l imes tone ,  and o t h e r  calc ium-containing m i n e r a l s  a s  
inrsoluble calcium polyac ty la te  is formed. 
2.2 Hydrodynamic Factors 
I n  t h e  f l o c c u l a t i o n  process ,  p a r t i c l e - p a r t i c l e  adhesion,  
which permits f l o c  formation, is chemically con t ro l l ed  for  the  
most part. Subsequent growth of t he  f l o c s  and t h e  development of 
t h e i r  s t r u c t u r e s  a r e  p r o b a b l y  d e t e r m i n e d  p r i m a r i l y  by 
hydrodynamic f ac to r s  (Hogg, 1986). 
A. Agitation 
Agitation during t h e  f l o c c u l a t i o n  process, is required for 
two reasons: t o  provide adequate mixing of t h e  Elocculant  w i t h  
t he  suspension, and t o  pramote par t ic le-f  locculant  and p a r t i c l e -  
p a r t i c l e  c o l l i s i o n s  leading t o  des tab i l i za t ion  and f l o c  growth. 
Two of t h e  most impor tan t  f a c t o r s  w i th  regard t o  a g i t a t i o n  a r e  
a g i t a t i o n  time and rate. 
B. Temperature 
Physically,  temperature will a f f e c t  the  r a t e  of d i f fus ion  of 
f l occu lan t  and the r a t e  of c o l l i s i o n  of par t ic les .  
C. Pulp Density 
The p u l p  s o l i d s  c o n t e n t  s h o u l d  a f f e c t  t h e  optimum dosage 
s ince  it determines t h e  number of i n t e r p a r t i c l e  co l l i s ions .  The 
r a t e  a t  which agg rega t e s  form i s  p r o p o r t i o n a l  t o  t h e  squa re  of 
the  concentration of t h e  p a r t i c l e s  (Moss, 1972). 
D. P a t t i c l e  Size 
On f i n e  p a r t i c l e s ,  t h e  optimum f loccu lan t / so l id  r a t i o  has 
been found t o  be d i r e c t l y  p r o p o r t i o n a l  t o  t h e  s u r f a c e  a r e a  of 
solid, therefore, a decrease i n  p a r t i c l e  s i z e  means an increase 
i n  f loccu lan t  demand. 
E. Methods of Flocculant Addition 
M u l t i s t a g e  a d d i t i o n  g i v e s  a gradual b u i l d  up  of f l o c  
formation which tends t o  encourage more f loccu lan t  bridging and 
generally impar t s  g r e a t e r  p h y s i c a l  s t r e n g t h  t o  t h e  r e s u l t i n g  
f LOCS (MOSS, 1972). 
2.3 The Nature of Flocculant 
I n  1967, t h e  first non-toxic and comple te ly  s y n t h e t i c  
o r g a n i c  polymer was in t roduced  and accep ted  by t h e  U.S. P u b l i c  
Health Service  f o r  treatment of municipalLWater supplies, Since 
then, a wide range of polymers has been developed f o r  u s e  i n  
wastewater treatment and mining and mineral processing industry. 
This sec t ion  provides a discussion of the  general proper t ies  of 
polymer f locculants.  
A, Physical State: 
There a r e  t h r e e  k inds  of p h y s i c a l  s t a t e s  of polymers 
produced today: 
Dry powders or  granules - which are dispersed and d i sso lved  
i n  water a t  a low concentration before use- 
Emulsions - which a r e  a l s o  pre-dispersed and dissolved pr io r  
t o  use, but  which general ly  dissolve much more rapidly than the  
powdered products. 
Liquids or so lu t ions  - which a r e  r ead i ly  d i lu t ed  in - l ine  a s  
they a r e  being applied (Dauplaise, 1982; Werneke, 1982). 
B. Molecular weight 
S y n t h e t i c  p o l y m e r s  a r e  a v a i l a b l e  i n  a wide range of 
m o l e c u l a r  weights ,  vary ing  from tens of thousands ( r e l a t i v e l y  
low) t o  many mi l l i ons  (very high). Molecular weight f s a measure 
of the  degree of polymerization of t he  polymer, or more simply, 
t h e  number of monomer ( r epea t ing )  u n i t s  which have been joined 
together t o  form t h e  large,  chain-like molecule. For example, a 
polyacrylamide, 
(molecu la r  weight  of t h e  r e p e a t i n g  u n i t  is 71) w i t h  an  average 
molecula r  weigh t  of 10,000,000 c o n t a i n s  an ave rage  of 140,845 
repeating a c r y l m i d e  u n i t s  making up a s i n g l e  molecule; i n  other 
words, n=140,845. 
Molecular weight may a l s o  be a r e l a t i v e  term within a family 
of similar polymers. Three samples  of po lyacry lamide  hav ing  
molecular weights of 4, 8 and 12 m i l l i o n  would all be considered 
high molecular weight, but could be described as low, medium and 
high i n  r e l a t i o n  t o  each other .  Three samples  of a h i g h l y  
c a t i o n i c  polyamine w i t h  mo lecu la r  weigh ts  of 50, 100 and 200 
thousand would all be c l a s s i f i e d  a s  low molecu la r  weight 
polymers, bu t  would a l s o  be low, medium and high i n  r e l a t i on  t o  
each other (Daupl aise, 1982; Werneke, 1982). 
C. Charge Charac te r i s t i cs  
Non-ionic - Non-ionic polymers are by def in i t ion  uncharged 
and form attachments t o  suspended s o l  ids v i a  a hydrogen-bonding 
mechanism . 
Anionic - The m a j o r i t y  of a n i o n i c  polymers d e r i v e  t h e i r  
negative charge from a carboxylic ac id  function and usual ly  form 
bonds v i a  one of two mechanisms, A s  shown i n  F ig .  3,  they  can 
a t t ach  d i r e c t l y  t o  t h e  surface  of a p a r t i c l e ,  f o r  example, which 
c o n t a i n s  a m e t a l l i c  i o n  i n  t h e  l a t t i c e ,  such as aluminum, 
s i l i c o n ,  i r o n ,  c a l c i u m ,  etc ,  An a l t e r n a t e  mechanism i s  
a t t a c h e n t  t o  nega t ive ly  charged p a r t i c l e s  v i a  a ca t ion i c  bridge, 
such as alum o r  c a t i o n i c  polymer. These a n i o n i c  polymers can 
vary widely i n  t h e i r  degree of anionic chaxgc, from less than one 
mole percent of a n i o n i c i t y  t o  1 0 0  mole percent .  The cho ice  of 
t h e  optimum degree  of charge  i s  c r i t i c a l  t o  o b t a i n i n g  maximum 
performance from the  f l o c c u l a n t  on a given substrate.  
Ca t ion ic  - These polymers a r e  of two main types ;  t h a t  is, 
t h e  low molecular weight, highly (100 mole %) ca t ion ic  polymers 
and t h e  high m o l e c u l a r  weight, lower charged (2-30 mole % 
ca t ion ic i ty )  materials .  Choice of material  w i l l  depend l a rge ly  
on cha rac t e r i s t i c s  of t h e  substrate,  A l l  t he  ca t ion i c  polymers 
bond d i r e c t l y  t o  nega t ive ly  charged pa r t i c l e s ,  (Fig. 4). 
F i g .  3 .  Bonding mechanism fo r  anionic polymers. 
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Fig. 4 .  Bonding mechanism for cationic polymers. 
(from Schwar z, 1 9 8 2 )  
CHAPTER THREE 
Sample Selection and Analysis 
3.1 Sample Selection 
For t h i s  study, water samples were c o l l e c t e d  f ram two p lacer  
mine sites i n  Alaska;  one l o c a t e d  i n  t h e  Fa i rbanks  area and t h e  
o t h e r  l o c a t e d  i n  t h e  C i r c l e   area,^ ~ i g ,  5 shows t h e  
configurations and locat ions  of sample c o l l e c t i o n  s i t e s  on both 
areas, The samples  from t h e  Fairbanks area were l a b e l e d  A.1, 
A.2, A.3, A.4 and A.5 i n  accordance w i t h  the orde r  of settling 
ponds frm which water samples were taken. Sample A6 was taken 
one mile downstream below t h e  ope ra t ion ,  Des igna t ions  8.1 and 
8.2 r e p r e s e n t  t h e  samples taken from t h e  i n f l u e n t  and t h e  
e f f l u e n t  of a s e t t l i n g  pond a t  t he  Circle a rea  mine site. 
The placer mining system i n  both study areas was similar i n  
t h a t  mechanical  methods were used t o  t r a n s p o r t  m a t e r i a l s  t o  a 
s l u i c e  box, and t h e  s l u i c e  t a i l i n g  s l u r r y  d i scharged  t o  one o r  
more s e t t l i n g  ponds. A common character  of e f f l u e n t s  f ran both 
sites is  extremely high tu rb id i ty  as a r e s u l t  of extremely high 
f i n e  solid content. I t  is this material character  t h a t  makes the  
s e t t l i n g  ponds employed a t  both  mines somewhat i n e f f e c t i v e  i n  
reducing the  s o l  i d  content i n  pond-ef f 1 uents, In t h i s  context, 
f l occu la t ion  seems t o  be the  most promising method t o  control  t h e  
t u rb id i ty  of e f f l u e n t s  from both mines. 

3.2 Sample Analysis 
Water samples c o l l e c t e d  far t h i s  study from both mines were 
s u b j e c t e d  t o  a series of basic a n a l y s e s  f o r  t h e  purpose of 
determining t h e i r  physical  and chemical cha rac t e r i s t i c s  p r io r  t o  
f l o c c u l a t i o n  t e s t i n g .  Those a n a l y s e s  a r e  d e s c r i b e d  i n  d e t a i l  
below. 
A. Turbidity and Sol id  Content Measurements 
T u r b i d i t y  i n  water is caused by c o l l o i d a l  p a r t i c l e s  and 
othel: f i n e  dispersions. Turbidity ana lys i s  i n  water is baaed on 
t h e  o p t i c a l  p rope r ty  of l i g h t  s c a t t e r e d  o r  absorbed by t he  
suspended p a x t i c l e ~ l  as it passes through the  sample. Turbidity 
is dependent upon t h e  size, shape and r e f r a c t i v e  index of 
suspended p a r t i c l e s  r a the r  thm denei ty considerations. 
P a r t i c l e  s i z e  i s  a n  i m p o r t a n t  c o n s i d e r a t i o n  i n  t h e  
measurement of t u r b i d i t y .  The s m a l l e r  t h e  p a r t i c l e  s i z e ,  t h e  
grea te r  t h e  spec i f i c  sur face  a rea  which r e s u l t s  i n  greater l i g h t  
s c a t t e r i n g  and higher turbidi ty .  
The t u r b i d i t y  measurements were conducted w i t h i n  2 4  hours  
a f t e r  t h e  samples were t aken  from t h e  f i e l d  t o  e l i m i n a t e  
irreversible changes i n  t u r b i d i t y  caused by longer storage. The 
Nephelometric ~ u r b i d i t y  Uni t  (NTUI measurements i n  t h i s  s tudy  
u t i l i z e d  a DRT-100 Nephelometric ~urbidimeter.  
The t o t a l  s o l i d  content  of a water sample is the  combination 
of s e t t l e a b l e  s o l i d  content  and suspended s o l i d  content i n  t h a t  
sample. The t o t a l  s o l i d  content  was determined e a s i l y  by drying 
and weighing. The s e t t l e a b l e  s o l i d  content can be determined by 
use of t h e  Imhoff Cone Test. Then, t h e  d i f f e r e n c e  between t h e  
t o t a l  s o l i d  con ten t  and t h e  s e t t l e a b l e  s o l i d  c o n t e n t  i s  t h e  
suspended solid content. 
The r e s u l t s  of t h e  Nephelometr ic  T u r b i d i t y  Unit  t e s t s  and 
solid content  tests of t h e  water samples from the  two study a reas  
are presented i n  Table  1. T h i s  t a b l e  i n d i c a t e s  ex t remely  high 
t u r b i d i t y  caused by high suspended s o l i d  content  fo r  a l l  samples 
w i t h  a tendency of i n c r e a s i n g  t u r b i d i t y  w i th  i n c r e a s i n g  s o l i d  
content  i n  t h e  water. Theoret ical ly ,  s e t t l i n g  ponds a r e  designed 
t o  remove t h e  t o t a l  s o l i d  content  fram the  pond-effluent. From 
Table 1, t h e  author found t h a t  when the  suspended s o l i d  content  
i n  t h e  water was high t h e  s e t t l i n g  pond was a l s o  e f f e c t i v e  i n  
removing a considerable amount of suspended s o l i d s  i n  t h e  pond- 
e f f l u e n t s  . 
B. p a r t i c l e  Size Distr ibut ion Analysis 
A s  mentioned i n  t h e  preced ing  chap te r ,  p a r t i c l e  s i z e  is  an 
impor t an t  f a c t o r  i n  t h e  f l o c c u l a t i o n  process.  The grade  scale 
most commonly used f o r  p a r t i c l e  size a n a l y s i s  i s  t h e  Wentworth 
scale which is  desc r ibed  i n  Appendix B The p a r t i c l e  s i z e  
d i s t r i b u t i o n  of water samples from both mines were determined by 
a  Sedigraph 5000ET P a r t i c l e  S ize  Analyzer with r e s u l t s  a s  shown 
on Figs. 6 ,  7, 8,  9,  1 0  and 11. I t  is  e v i d e n t  t h a t  n e a r l y  70% 
of t h e  s o l i d  c o n t e n t  i n  a l l  water samples  is  s m a l l e r  than  1 urn 








scale. I n  t h i s  s i t u a t i o n ,  t h e  s u t f a c e  proper ty  of t h e  s o l i d  
p a r t i c l e s  becomes impor tan t  due t o  t h e  i n c r e a s i n g  surface a r e a  
with decreasing p a r t i c l e  size. 
C. Mineralogical Composition Analysis of suspended s o l i d s  
The suspended s o l i d  contained i n  the  supernatant water f r a a  
t h e  Imhoff Cone a n a l y s i s  was e x t r a c t e d  and ana lyzed  by X-ray 
d i f f r a c t i o n  and DCP spectrametric methods. 
X-ray Diffraction Analysis 
Ex t r ac t ed  solid samples from water  samples  were e v e n l y  
spread on a pe t rographic  glass s l i d e  with a drop of water and 
a l l o w e d  t o  d ry ,  giving a randomly o r i e n t e d  sample a l i d e .  The 
samples were then used t o  i d e n t i f y  unknown m i n e r a l s  by a 
computerized RIGAKU dif  fractcmeter. 
The r e s u l t s  of t h i s  a n a l y s i s  are shown i n  Fig. 12. The 
lack of i n t e n s i v e  peaks w i t h i n  t h e  scanned 2 9 range i n d i c a t e d  
t h a t  b o t h  samples a r e  m a t e r i a l s  w i t h  l o w  d e g r e e  o f  
crystallization. With the help of the J o i n t  Committee on Powder 
Di f f rac t ion  Standard Index Book after t ransfe r r ing  29 angle r  t o  
d-spacing,  t h e  o n l y  r e c o g n i z a b l e  mine ra l  i n  both samples  was 
kaolinite. Another impor tan t  d i s c o v e r y  was t h a t  samples  A and 
sample B are i d e n t i c a l  m a t e r i a l s .  T h i s  can be v e r i f i e d  by 
comparing the d i f f r ac t ion  peak pa t t e rns  occurring i n  t h e  scanned 
28 range of both  samples. The c o n c l u s i o n  of t h i s  a n a l y s i s  is 
t h a t  sample A and sample B are i d e n t i c a l  low crystallized c l a y  
with k a o l i n i t e  as the  major phase, 

DCP Spectrometric Analysis 
A l t h o u g h  a D C P  s p e c t r o m e t r i c  a n a l y s i s  i s  u n a b l e  t o  
dis t inguish between the valence states of Fe and determine water 
content, it is a convenient method t o  analyze the major element 
const i tuents  due t o  its capabi l i ty  of rapidly dctennining these 
e lements  s imu l t aneous ly .  The sample s o l u t i o n  p r e p a r a t i o n ,  by 
us ing  t h e  l i t h i u m  metabora te  f u s i o n  d i s s o l u t i o n  method, is 
described i n  Appendix C. Upon t h e  completion of t h e  d i sso lu t ion ,  
t h e  s o l u t i o n  was ana lyzed  f o r  major e l emen t s  us ing  a 
Spectrometric Spectraspan I V  Plasma m i s s i o n  Spectrometer. 
The r e s u l t s  of this ana lys i s  were as follow:. 
Sample A, Sample B. 
element % el emen t % 
Si02 30.6 Si02 31.3 
*2% 20.9 A1203 26.7 
Fe 18.2 Fe 19.7 
CaO 4 .5 CaO 2.0 
MgO 3 03 Mso 1 .4 
Na2O 0 .9 Na20 0 .3 
kt0 1 .3 K20 0 .8 
The X-ray d i f f r a c t i o n  ana lys i s  indicated t h a t  sample A and 
sample B were the same c l a y  mineral with k a o l i n i t e  as the  major 
phase. Kaol in i te  is made up of a regular sequence of s t ruc tu ra l  
u n i t s  which c o n s i s t s  of a t e t r a h e d r a l  S i  l a y e r  u n i t e d  w i t h  an 
octahedral A 1  layet. By camparing the  major element 
c o n r t i t u e n t s  of bo th  samples ,  i t  was found t h a t  t h e  d i v a l c n t  
element Mg, Ca content was higher i n  sample A but t h e  t r i v a l e n t  
e lement  A 1  c o n t e n t  was h ighe r  i n  sample B. On t h e  grounds t h a t  
sample A and B a r e  two-layer c l a y  m i n e r a l s  b u i l t  by t h e  same 
uni t ,  it is reasonable t o  assume that t h e  ex ten t  of replacement 
for t r i v a l e n t  A 1  by d i v a l e n t  Mg and Ca within t h e  octahedral  A 1  
l a y e r  is l a rge r  i n  sample A. I t  a l s o  means t h e  amount of excess 
negative charger  on t h e  p a r t i c l e  s u r f a c e  of sample A is h igher  
t h a n  t h a t  on sample B. T h i s  can be v e r i f i e d  by comparing t h e  
compensated ions K, N a  content  i n  both samples. 
D. Zeta Potent ia l  Measurements 
For many decades,  t h e  c o n c i p t s  of zeta  p o t e n t i a l  has  been 
acknowledged a s  t h e  govern ing  f a c t o r  i n  c o l l o i d a l  chemical  
phenomena. According t o  Moss (1972) zeta po ten t i a l  can be def ine  
as follow: If the  sur face  has  a negative charge, p o s i t i v e  ions 
w i l l  be a t t r ac t ed  t o  it, forming a bound layer of p o s i t i v e  ions. 
From t h i s  layer,  a d i f fu se  l aye r  of counter ions  extend outward. 
When a p a r t i c l e  moves i n  t h e  l i q u i d ,  t h e  shea r  takes p l a c e  i n  a 
p l a n e  o u t s i d e  t h e  l a y e r  of bound ions ,  i.e. o n l y  t h e  bound i o n s  
move with the par t ic le .  The po ten t i a l  which e x i s t s  between the  
s h e a r  p l a n e  and t h e  d i f f u s e  layer i s  t h e  z e t a  p o t e n t i a l ,  The 
zeta poten t ia l  of a mineral surface  is a l s o  an index of surface 
charges on t h e  mineral surface. 
Zeta poten t ia l  of t h e  mineral p a r t i c l e s  is  never determined 
d i r e c t l y ,  but is c a l c u l a t e d  from a measurement of t h e  pa r t i c l e ' s  
e l e c t r o p h o r e t i c  mobi l i ty .  ~ l e c t r o p h o t e t i c  m o b i l i t y  i s  t h e  
movement of a suspended p a r t i c l e  through t h e  suspending l iquid ,  
When a l i q u i d  con ta in ing  charged p a r t i c l e s  i s  p l aced  w i t h i n  an 
e l e c t r i c  f i e l d ,  t h e  n e g a t i v e  p a r t i c l e s  a r e  a t t r a c t e d  t o  t h e  
anode, Because the  motion of charged p a r t i c l e s  i n  an electrical 
field is independent of t h e i r  size or shape and dependent on ze- 
p t e n t i a l ,  t he  measurement of p a r t i c l e  mobil i ty affords  a rapid 
and a c c u r a t e  method of de t e rmin ing  t h e  magnitude of z e t a  
po ten t ia l .  
In  order: t o  get properly d i l u t e d  water samples, t he  teatad 
samples  are t h e  s u p e r n a t a n t  l i q u i d s  from water samples after 
centr i fuging fo r  one hour at 30 r p .  A zeta po ten t ia l  meter made 
by Zeta P o t e n t i a l ,  Inc., was used t o  measure t h e  z e t a  potential 
i n  t h i s  study. Twenty c o l l o i d a l  p a r t i c l e s  were read t o  obta in  an 
a v e r a g e  p a r t i c l e  m o b i l i t y  f o r  each tes t  sample. The r e s u l t  of 
t h e  t e s t s  showed t h a t  t h e  z e t a  p o t e n t i a l  of sample A is  -24 rnv 
and the  zeta poten t ia l  of sample B is -16 rnv. This v e r i f i e s  t he  
previous assumption t h a t  t h e  amount of excess negative charges on 
the  p a r t i c l e  surface  of sample A is higher than negative charges 
on p a r t i c l e  surface  of sample B. 
E. pH Value Measurement 
The pH value indicates t h e  a c i d i c  or basic nature of water  
and is de f ined  a s  t h e  l o g a r i t h m  of t h e  r e c i p r o c a l  of t h e  
hydrogen-ion c o n c e n t r a t i o n  i n  moles  per  l i t e r .  In  many cases, 
t h e  p a r t i c l e  s u r f a c e  i n  water h a s  s u r f a c e  charges  dependent on 
the  s o l u t i o n  pH and can exhibit both positive and negative 
surface charges. The pH corresponding t o  a surface charge of 
zero is defined as the zero point of charge (ZPC). Above the ZPC 
the surface charge will be negative and below the ZPC the charge 
will be p o s i t i v e .  For example, t h e  ZPC for kaolinite is 3.3 to 
4.6, for montmorillonite is 2.5 (Parks, 1967). 
< 
An e lec tronic  pH meter was used to measure the pH of each 
water samples with the following results: 
Sample No. A.1 A.2 A.3 A.4 A.5 A.6 B . 1  B.2 
Pa 6.3 6.4 6.5  6.6 6.6 6.6 6.5 6.5 
CEIAPTER FOUR 
Flocculant Selection and Flocculation Tests 
4.1 Flocculant se lec t ion  
F l o c c u l a n t s  produced by Dow Chemical Company, American 
Cyanamid Company and Nalco Chemical Campany were t e s t ed  i n  this 
study. A comple te  l i s t i n g  of the chemica l s  t e s t e d ,  w i t h  
in format ion  concern ing  charge  proper ty ,  m o l e c u l a r  weight,  and 
product form is present  i n  Table 2. 
I t  is imposs ib l e ,  a t  t h e  p r e s e n t  time, t o  s p e c i f y  the 
optimum type of f l o c c u l a n t  f o r  a g i v e n  a p p l i c a t i o n  baaed on 
knowledge of t h e  m a t e r i a l  t o  be tested, The s t a n d a r d  method is 
t o  chooee t h e  most l i k e l y  f l o c c u l a n t  which will be e f f e c t i v e ,  
then study t h e  optimum operating conditions for  that flocculant. 
T h e  most widely used t e s t  i n  the l a b o r a t o r y  f o r  t h e  
f l occu la t ion  process is t h e  " jar  testm. The equipnent u t i l i z e d  
i n  t h e  jar tests c o n s i s t e d  of a l a b o r a t o r y  m u l t i p l e  s t i r r e r  
accompanied by six 1,000 m l  beakers, Each s t i r r e r  consisted of a 
3 in. blade capable of v a t i a b l e  speed operation between 0 t o  180 
rPP. 
The jar t e s t  attempts t o  s i m u l a t e  t h e  f u l l - s c a l e  p l a n t  
process and has remained a s  a c o n t r o l  t e s t  i n  t h e  l a b o r a t o r y  
s ince its f i r s t  in t roduct ion i n  1918. N i c k e l  has indicated t h a t  
proper mixing i n  t h e  j a r  t es t  w i l l  show a d e f i n i t e  r e l a t i o n  t o  
t h e  dosage t h a t  must be u t i l i z e d  i n  p l a n t  o p e r a t i o n s  t o  o b t a i n  
sa t i s fac tory  operation. However the  ro t a t i on  r a t e  of the  paddler 
3 6 
Table  2 .  F l o c c u l a n t  l i s t .  
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L o w  
L o w 
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L o w  
H i g h  
H l g h  
I H l ~ h  
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Nalco 6 103 
N l l t 0  7120 
T Y P E  
C a t l o n l c  
C a t I o n i c  
~ a t l o n i c  
C a t l a n i c  
, C8 t l o f t l c  
F O R M  
~ l q u l d  
L Iqu ld  
L l a u l d  
L l q u l d  
L l q u l d  
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D o w  M I 7 8  
O 0 w  M 2 6 I  
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A8. Cyan. SF305 
A8. Cyan. SF360 




P o w  M 2 4 8  
O o w  M O 4 G  
D o w  M 2 6 6  
D o w  M6 1 0  
O o w  M 6 3 0  
Aa. Cyan. SF204 
Aa, Cyan. SF208 
Aa. Cyan. SF2 10 
Nalco 7181 
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C a t l o n l c  
Ca t Ion ic  
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C a t I o n i c  













Nalco 7 122 
Nalco 7123 
L l q u l d  
L iqu id  
L l q u i d  
L i q u l d  
~ l ~ ~ l d  
C ~ t l o n l c  
Ca t ion ic  
H i g h  
L O W  
H l g h  t 
H i g h  
H l g k  
L lqu ld  , H i g h  
L l ~ u l d  
L lqu ld  
L l qu ld  
L i ~ u l d  
S o l i d  
Sol ld  
S o l i d  
l l q u l d  
L i qu ld  
S o l l d  
S o l i d  
So l id  
L i q u i d  
H l g h  
I 
H i g  h 
H i g h  
H l g h  
H i g h  
n i g h  / 
H i o h  1 
H i g h  
H i g h  I 
H i g h  
H l n h  
H l g h  
H i g h  ' 
the dmaign of the  blade and the  time of mixing a r e  a l l  v a r i a b l e s  
i n  t h e  j a r  tes t  which must be more o r  l e s s  c o r r e l a t e d  to t h e  
p l a n t  design. 
F l o c c u l a n t s  were  added  by p i p e t  f rom p r e p a r e d  stock 
s o l u t i o n s  d i r e c t l y  i n t o  t h e  sample whi le  ag i t a t i ng  a t  100 r p m  A 
reac t ion  time of 5 minutes was nonnally allowed and t h e  s t i r r i n g  
d 
abrupt ly  stopped. Floc s ize ,  settlsabiliity and supernatant 
c l a r i t y  were ra ted a s  described i n  Table 3. The water sample R5 
was subjected t o  a preliminary f l o c c u l a n t  s e l ec t ion  test i n  order 
t o  select  t h e  optimum f l o c c u l a n t  and e s t a b l i s h  approximate 
solution concentration of f l occu lan t  f o r  t h i s  study. 
The r e s u l t s  of t h e  p r e l i m i n a r y  f l occu lan t  s e l ec t ion  tests 
are d e t a i l e d  i n  Table 4. T h i s  t a b l e  lists the  r e s u l t s  of t he  jar 
tests using t h e  ra t ing  format o u t l i n e  i n  Table 3. The results of 
these  tests show t h a t  a l l  c a t i on i c  f loccu lan ts ,  regardless  of low 
or high molecular weight could reduce t h e  tu rb id i ty  of t h e  t e s t ed  
sample t o  10-100 (NTU) with dosages from 20 t o  40 ppm. On t h e  
o t h e r  hand, a l l  a n i o n i c  and non-ionic f l o c c u l a n t s  used i n  t h i s  
test were i ne f f ec t ive  i n  t u r b i d i t y  removal even with very high 
dosage. Recal l ing t h a t  t h e  surf  ace of p a r t i c l e s  in water samples 
was nega t ive ly  charged,i.e. with a negat ive  zeta po ten t ia l ,  it 
is r e a s o n a b l e  t o  a rgue  t h a t  the non-spec i f ic  e l e c t r o s t a t i c  
i n t e r a c t i o n  between t h e  cat ionic  f l o c c u l a n t  and n e g a t i v e l y  
charged p a r t i c l e s  p l a y  an impor t an t  r o l e  i n  t h e  f l o c c u l a t i o n  
p r o c e s s  of t h i s  study. Based on t h i s  argument, t h e  b r i d g i n g  









Very  Oood 
Excellent 




Lerr than I mm 
1 - 2 m m  
a r a a t e r  than 2 mrn 
Leas than 10 cm/rnln 
More than 10 cm/min 
More than 20  cm/min 
Mora than 40 cm/min 
1000 NTU 
I 
1 0 0  t o  200 NTU I 
I 
Good 10 to  100 NTU I 
T a b l e  3 .  F l o c c u l a n t  evaluation c r i t e r i a .  
Table 4. The result of flocculant selection test .  
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G o d  
Paw 
Poor 
Table 4. (Continue) 
0.5% 30 h m e  Excellent 
0.51 45 brSe Excellent 
NhLC07766 0.5% S hrge Excellent 
0.5% 15 krge Excellent 
0.5% 3 0 h r S e  Excellent 
0.55 45 brge Excellent 
WCU7763 0.55 5 hrge Excellent 
0.51 10 Excellent 
0.5% 30 hrge , Excellent 
0.51 45 Large : Excellent 
48 0.51 5 Large Excellent 
0.5% 15 Large Excellent 
0 . 5 I  30 Excellent 
0.5% 45 Excellent 
DWJQ 49 0.5% 5 Large Excellent 
0.5% 10 krge Excellent 
0.55 3 0 Large Excellent 
0.55 4 5 Large Excellent 
-65 0.5% 5 Excellent 
0.5% 15 b r g e  Excellent 
0 .5l 3 0 Large Excellent 
0.5% 45 Large Excellent 
-10 0.5% 5 rge Excellent 
0 .5$ 15 h r g e  Excellent 
0.5% 30 h%e Excellent 
0.5% 45 bW Excellent 
-30 0.5% 5 h Excellent 
0.5% 15 brge Excellent 
0.5% 3 0 b r g e  Excellent 
0.55 45 brSe Excellent 
SF204 0.55 5 &me Excellent 
0.55 15 Large Excellent 
0.55 30 Large Excellent 
0.5% 45 Large Excellent 
SF208 0.5% 5 b Excellent 
0.5% 15 h r S e  Excellent 
0 .5% 30 Lame Excellent 
0.5% 45 b % e  Excellent 
Sf210 0.5% 5 b ~ g e  Excellent 
0.5% 15 L a w  Excellent 
0.52 30 Large Excellent 
0.5% 45 La me Excellent 
NALC07181 0.5% 10 MGdilm Good 
0.5% 20 b d i u n  Good 
0.5% 30 h d i  m Cod 
0.52 4 5 mdi un Good 
-------""-"------------------------------ 
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effect of anionic f l occu lan t s  was jeopardized by the  e l e c t r i c a l  
r e p u l s i o n  between n e g a t i v e l y  charged p a r t i c l e s  and t h e  anionic 
f locculants .  
The h i g h  molecu la r  weigh t  c a t i o n i c  f l o c c u l a n t ,  s u p e r f l o c  
340, was found t o  be t he  best f l o c c u l a n t  among those tested. This 
c a t i o n i c  f l o c c u l a n t  r e s u l t e d  n o t  o n l y  i n  t h e  l e a s t  r e s i d u a l  
t u r b i d i t y  w i t h  t h e  l e a s t  amount of dosage, bu t  a l s o  produced 
f a s t e r  s e t t l i n g  f l o c s  i n  t h e  t e s t e d  water samples. Thus, 
S u p e r f l o c  340 was selected as t h e  optimum f l o c c u l a n t  and 
subjected t o  the  following tests. 
4.2 Flocculation Teats 
The important f ac to r s  which a f f e c t  t h e  f loccu la t ion  process 
a r e  f l o c c u l a n t  dosage, pulp  density, zeta poten t ia l  of p a r t i c l e s ,  
agitation time, agitation rate,  f l o c c u l a n t  a d d i t i o n  rate, 
tempera ture ,  pH v a l u e  and d u a l  f l o c c u l a n t  process,  I n  wate r  
t r ea tmen t ,  an optimum f l o c c u l a t i o n  process  r e p r e s e n t s  t h e  
achievement  of an  e q u i l i b r i u m  of g r e a t  complexity i n  which t h e  
above f a c t o r s  a r e  involved. In t h e  following sections,  a l l  of 
these f a c t o r s  were s t u d i e d  i n  d e t a i l  by j a r  t e s t i n g .  One 
important aspect i n  t h i s  s tudy is t h a t  when one fac tor  was t e s t ed  
other  f a c t o r s  were constant. 
A. Flocculant Dosage and Pulp Density 
I n  o r d e r  t o  determine t h e  optimum f l o c c u l a n t  dosages  f o r  
d i f f e r e n t  p u l p  d e n s i t y  water samples ,  samples A.4, A.5 and A.6 
w i t h  p u l p  d e n s i t i e e  a t  7748(mg/l) ,  6685(mg/l) and 2286(mg/l) 
respactively were chosen as samples representing high, medium and 
low p u l p  d e n s i t i e s ,  A l so ,  s a m p l e s  B . 1  and  8.2 w i t h  p u l p  
d e n s i t i e s  of 2223 (mg/l) and 3608(mq/1), were chosen as ano the r  
set  of samples  of high and low p u l p  dens i ty .  I n  t h i s  test ,  
res idua l  t u r b i d i t y  a t  various flocculant dosages was measured fox  
each tested sample. 
The r e s u l t s  of t h e s e  tests are prc;ented i n  Figs. 13 and 
14. I n  these  two f igures,  each curve represents  a specific pulp  
d e n s i t y  sample. The dosage of f l o c c u l a n t  t h a t  produces t h e  
l owes t  r e s i d u a l  t u r b i d i t y  is c a l l e d  the optimum dosage of t h e  
t s a t ed  sample. I t  is obvious t h a t  the optimum f l occu lan t  dosage 
increases  with the increasing pu lp  densi ty  of the  tes ted  samples. 
This  can  be e a s i l y  understood by t h e  fact t h a t  t h e  higher  the 
p u l p  d e n s i t y  the higher  t h e  number of s o l i d  p a r t i c l e s  in the 
water sample,  and t h e  l a r g e r  t h e  s u r f a c e  a r e a  a v a i l a b l e  t o  
consume f locculant .  
Another important fea ture  i n  t h i s  test was t h a t  t h e  a b i l i t y  
t o  resist overdose decreases with decreasing pulp density of t he  
t e s t ed  sample. This can be explained by t h e  fact t h a t  decreasing 
pulp denai ty  r e s u l t s  i n  decreasing p a r t i c l e  surface  area and t h e  
number of i n t e r p a r t i c l e  c o l l i s i o n s  during agi ta t ion.  If excessive 
f l o c c u l a n t  i s  added, t h e  f l o c c u l a n t  segments may s a t u r a t e  t h e  
l i m i t e d  p a r t i c l e  s u r f a c e  a r e a  s o  e a s i l y  t h a t  no sites on t h e  
p a r t i c l e  sur face  are a v a i l a b l e  f o r  the formation of f l occu lan t  
b r idg ing  under t h e  1 imi ted  number of i n t e r p a r t i c l e  c o l l i s i o n s  
Floceulrnt  D o a r g a  WPM) 
Fig. 1 3 .  The effect of different p u l p  densities on optinurn 
flocculant dosage for sample A .  
F i g .  
d u r i n g  a g i t a t i o n .  T h i s  s u b s t a n t i a l l y  reduces  t h e  a b i l i t y  of 
r e s i s t i n g  overdose i n  low pulp  densi ty  water samples. 
B. Zeta Potential  of P a r t i c l e  
In  t h e  above t e s t s ,  t h e  s o l i d  c o n t e n t s  of samples  A.4 and 
A.5 are much higher than  t h e  s o l i d  c o n t e n t s  of samples  B.1 and 
8.2, ~ c c o r d i n g  t o  t h e  c o n c l u s i o n  t h a t  t h e  optimum f l o c c u l a n t  
do~age  i n c r e a a c s  w i th  t h e  i n c r e a s i n g  pul'p dens i ty ,  t h e  optimum 
f l o c c u l a n t  dosage for samples  A.4 and A.5 s h a l l  be h ighe r  t han  
t h a t  f o r  samples  8.1 and B.2, b u t  when comparing Figs. 13 and 1 4  
the r e s u l t  was opposite t o  t h i s  argument. This can be explained 
by t he  concept  of zeta potential. Because the non-spec i f ic  
e l e c t r o s t a t i c  i n t e r a c t i o n  between c a t i o n i c  f l o c c u l a n t  and 
nega t ive ly  charged particle surface  p lay  an important r o l e  i n  the 
f l o c c u l a t i o n  process, t h e  p a r t i c l e  w i t h  h igher  n e g a t i v e  z e t a  
po ten t i a l  ; i.e. higher negat ive  surf  ace charge is mote amenable 
t o  f l occu la t ion  w i t h  a ca t ion i c  f locculant .  Based on t h i s  idea, 
the optimum f loccu lan t  dosage of sample A with zeta po ten t i a l  of 
-21 mv w i l l  be less than t h a t  of sample B with zeta p o t e n t i a l  of 
-16 mv regardless  of the  e f f e c t  of pulp density. 
C. Agitation Time and R a t e  
During t h e  f l occu la t ion  process, ag i t a t i on  of t he  suspension 
du r ing  f l o c c u l a n t  a d d i t i o n  i s  a primary f a c t o r  i n  de te rmin ing  
performance. Agitation is required t o  provide adequate mixing of 
t h e  f l o c c u l a n t  with the  suspension and t o  promote t h e  pa r t i c l e -  
p a r t i c l e  c o l l i s i o n s  necessary fo r  f loc growth. A t  t h e  same time, 
a g i t a t i o n  l e a d s  t o  f l o c  breakage. When a f l o c c u l a n t  i s  added 
c o n t i n u o u s l y  a t  a f i x e d  r a t e  t o  an a g i t a t e d  suspension,  f l o c s  
glow t o  some l im i t i ng  size, However, continued agi ta t ion,  i n  the  
absence of fu r the r  f l occu lan t  add i t ion  lead t o  an i r r e v e r s i b l e  
f l o c  breakdown. 
The effects of varying a g i t a t i o n  time and ag i ta t ion  r a t e  i n  
the  jar t e s t i n g  procedure for t he  res idua l  t u r b i d i t i e s  of samples 
A.5 and A.6 wi th  p u l p  d e n s i t i e s  of 6685(mq/l) and 2286(mg/l) 
r e s p e c t i v e l y  and i n  samples  B.1 and 8.2 w i t h  p u l p  d e n s i t i e s  of 
2223(mg/l) and 3608(mg/l) are shown i n  Figs. 15, 16, 17 and 18. 
For t h e  same p u l p  d e n s i t y  water samples,  t h e  samples 
ag i t a t ed  a t  a high rate cons i s ten t ly  exhibi ted shorter  ag i t a t i on  
time t o  comple te  t h e  f l o c c u l a t i o n  process.  The reason i s  t h a t  
t h e  h igh  a g i t a t i o n  rate i n c r e a s e s  t h e  par t ic le-f locculant  
and p a r t i c l e - p a r t i c l e  c o l l i s i o n  rate and a c c e l e r a t e s  t h e  
f l o c c u l a t i o n  process. Also, i n  t h e  higher pu lp  density samples 
A.5 and 8.2, t h e  f l o c  degraded r e s u l t i n g  i n  a higher r e s i d u a l  
t u r b i d i t y  when t h e  a g i t a t i o n  time i n c r e a s e  t o  a c e r t a i n  ex ten t .  
This  s i t u a t i o n  d i d  no t  occur on t h e  two lower p u l p  density 
samples A.6 and 8.1. The r e a s o n  i s  d u e  t o  i n t e r p a r t i c l e  
co l l i s ion .  A8 a prerequis i te  t o  bridging, t he  r a t e  of formation 
of m u l t i p l e  particle aggrega t e s  from t h e  primary p a r t i c l e s  
through t h e  bridging e f f e c t  of f l o c c u l a n t  is dependent upon the  
number of p a r t i c l e s  i n i t i a l l y  i n  t h e  sample. In  n high p u l p  
d e n s i t y  sample,  t h e  o p p o r t u n i t y  of i n t e r p a r t i c l e  c o l l i s i o n  is 
T lme (sac) 
Fig. 15. T h e  e f f e c t  of different agitation time and rate 
on r e s i d u a l  t u r b i d i t y  for h i g h  pulp density 
sample (B. 2 )  . 

Time (aec) 
Fig. 17. The effecr, of different agitation times and rates 
on r e s i d u a l  t u r b i d i t y  for low p u l p  d e n s i t y  
sample (B.1) . 
Fig. 
Time (me) 
18. T h e  effect o f  different agitation times and ra tes  
on residual t ~ r b i d i t y  for h i g h  p u l p  density 
sample (A .  5 1 . 
grea te r  than  t h a t  i n  a low p u l p  dens i ty  sample, Thus, t h e  time 
f o r  t h e  p a r t i c l e s  i n  high pu lp  dens i ty  samples t o  form t h e  
aggregates is f a s t e r  than t h e  pa r t i c l e s  i n  the  low pulp density 
samples. I f  extended a g i t a t i o n  occurs, the p a r t i c l e s  w i l l  be 
restabi l ized due t o  the breaking of f locculant-part ic le  surface 
bonds and the  subsequent folding back of the  extended f locculant  
6 ,' 
segments on the surface of par t ic les ,  
D. Flocculant Addition Rate 
The purpose of t h i s  t e s t  was t o  determine t h e  e f f e c t  of 
f locculant  addition r a t e  on residual turb id i ty  and f l o c  s e t t l i n g  
rate .  F loc  s e t t l i n g  r a t e  is an important f a c t o r  i n  t h e  later  
a o l i d - l i q u i d  s e p a r a t i o n  process  a f t e r  f l o c c u l a t i o n  and it was 
obtained by d i r e c t  obse rva t ion  of the f a l l  of t h e  "mud line" in 
the f l o c c u l a t i o n  v e s s e l ,  The r e s i d u a l  t u r b i d i t y  and t h e  floc 
s e t t l i n g  r a t e  of t e s t e d  samples were measured a f t e r  being 
flocculated a t  d i f f e ren t  f locculant  addition rates. The r e s u l t  
shown i n  Fig. 19 i n d i c a t e s  t h a t  there is an optimum f l o c c u l a n t  
addition rate fo r  decreasing turbidity. Fig. 20 indicates that 
slow f locculant  addition r a t e  always helps floc se t t l ing .  This  
e f f e c t  can be dep ic ted  s imply by Fig. 21. When t h e  f l o c c u l a n t  
was added by mul t i - s t age  (slow a d d i t i o n  r a t e ) ,  a progress ive  
reduction of the enormous e f fec t ive  surface area of t h e  pa r t i c l e s  
is reduced by each f locculant  dose increment, The o v e r a l l  effect 
is t o  prevent local over-adsorption and waste of f locculant  and 
t o  form uniform l a r g e  size flocs. This helps  t h e  o v e r a l l  e f fec t  
I 1 I 1 L ,  1 1  I I I 1 1 1 1 1 1  
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tlooaulant Addltlon Rate (PCMIMIN) 
Fig. 19. The e f f e c t  of f l o c c u l a n t  addition 
r a t e s  on sam?le A . 5  and B . l .  
?locculrnt Addltlon Rate (oomlmln) 
Fig. 20. The effect of flocculant addition 
r a t e  on floc settling rate. 
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Fig. 21. The effecz ? L  z u l t i -  and s i n g l e  s t a g e  a d d i t i o n  
of :?sc::?an: dlring t h e  flocculation process. 
of t u r b i d i t y  removal. On t h e  o the r  hand, w i t h  a too  slow 
f locculant  addition rate ,  the ra te  of Eloc disintegrat ion caused 
by a g i t a t i o n  i s  g r e a t e r  than the r a t e  of f l o c  formation a s  a 
r e s u l t  of flocculant addition. The o v e r a l l  e f f e c t  fo r  decreasing 
turbidi ty  would then be jeopardized. 
E. pH Value 
< 
The purpose of these t e a t s  was t o  dec ide  t h e  e f f e c t  of pH 
value on the  f loccula t ion  process, The pH was varied f ram 2 t o  
10  with t h e  a d d i t i o n  of e i t h e r  n i t r i c  a c i d  or  sodium hydroxide. 
These t e s t s  u t i l i z e d  t h e  j a r  t e s t i n g  with o t h e r  f a c t o r s  
maintained as constants. 
The v a r i a t i o n  i n  pH of these  t e s t e d  samples c o n t r o l  t h e  
extent of surface ionization of the p a r t i c l e s  i n  t h e  samples, a s  
the potential-determining ions, H+ and OH-, a r e  introduced in to  
it. Potential-determining ions are  responsible for  t he  existence 
of t h e  double  layer and determine t h e  e l e c t r i c a l  p o t e n t i a l  
difference between the s o l i d  and l iquid  phase (Packhom. 1962). 
The r e s u l t s  shown i n  Fig. 22 indicate t h a t  a higher pH value 
r e s u l t s  i n  a higher  r e s i d u a l  t u r b i d i t y  a f t e r  f l o c c u l a t i o n .  A t  
high pH v a l u e s ,  t h e  p a r t i c l e  su r face  is h i g h l y  nega t ive  a s  it 
abaorbs t h e  hydroxyl i o n s  resulting i n  higher nega t ive  ze ta  
potential.  When t he  negative charge on t h e  p a r t i c l e  surface is 
too high, more c a t i o n i c  f l o c c u l a n t  is absorbed on a s i n g l e  
p a r t i c l e  by non-specific e l e c t r i c a l  a t t r ac t ion  forces and loca l  
over-adsorption t a k e  place. This  inh ib i t s  the bridging between 
Fig. 2 2 .  The e f f e c t  3 f  29 value on residual t u r b i d i t y .  
particles, The lower pH value represents mote hydrogen ions i n  
t h e  s a m p l e s ,  t h u s  t h e  n e g a t i v e l y  charged p a r t i c l e s  a r e  
neutral ized by these hydrogen ions. This phenomenon r e s u l t s  i n  
decreas ing  t h e  ze ta  p o t e n t i a l  as well as the r e p u l s i v e  f o r c e  
between particles.  The Van der Waalsl force w i l l  then dominate, 
i n c r e a s i n q  t h e  f l o c - f o r m i n g  c o l l i s i o n .  A t  a certain 
concentration of hydrogen ions, a point of zero charge occurs and 
a t  this pH t h e  non-specif ic  e l e c t r i c a l  i n t e r a c t i o n  between 
ca t ionic  f locculant  and p a r t i c l e  surface became so weak t h a t  the 
f l o c  d i s i n t e g r a t e s  e a s i l y  and r e s u l t s  i n  a higher residual 
turbidity.  
F. Temperature 
As the  f locculat ion tests were conducted a t  room temperature 
i n  the  laboratory, adjustments were made t o  run the f loccula t ion  
t e s t s  t o  simulate f i e l d  temperatures for those selected samples 
which had been tested by the  jar  test, 
Tested samples were f loccula ted  a t  temperatures of so, 2 3 O  
and 45O (C), The r e s u l t s ,  shown i n  Fig. 23 i n d i c a t e  t h a t  
r e s i d u a l  t u r b i d i t y  is a l i t t l e  higher when t e s t e d  a t  low 
temperature condition.  The reason is t h a t  a s  t h e  temperature 
decreases, t h e  v i s c o s i t y  of t h e  water increases ,  As t h e  
viscosi ty  of the water decreases, the par t i c l e s  i n  the water show 
a decrease  i n  t h e  p r o b a b i l i t y  of floc-forming i n t e r p a r t i c l e  
c o l l i s i o n .  T h i s  effect can be overcome by a longer  mixing 
period. However, if t h e  p a r t i c l e  concentration of the sample is 
Temgaratura (C) 
- - Fig. 23. T5e ; : : s c z  ~f temperature on r e s i d u a l  t g r b i d i t y .  
high, this  laver temperature effect on decreasing i n t e rpa r t i c l e  
c o l l i s i o n  i s  t o o  small t o  be of s i g n i f i c a n c e  and t h e  r e s i d u a l  
turbidity is not s igni f icant ly  changed. 
G. hral Flocculant Process 
A t  t h i s  p o i n t ,  t h e  i m p o r t a n t  f a c t o r s  a f f e c t i n g  t h e  
f locculat ion process have been studied i n  de ta i l .  A f locculat ion 
t 
process operating under these optimum conditions is expected t o  
obta in  good r e s u l t s .  Figs. 24 through 27 show t h e  a c t u a l  
f locculat ion process aa tes ted  i n  t h e  laboratory sequence. The 
o v e r a l l  r e s u l t s  of t h i s  procedure were good b u t  presented a 
problem i n  t h a t  t h e  f l o c  size is t o o  small, A small f l o c  site 
r e s u l t s  i n  a l o w  floc s e t t l i n g  rate which causes d i f f i c u l t y  
i n  l a t e r  so l id- l iquid  separation processes, This  problem can be 
solved by adding a small amount of a high molecular weight 
an ionic  f  l o c c u l a n t  Dow 248. High molecular  weight anionic  
f l o c c u l a n t s  enhance p a r t i c l e  aggregat ion8 by forming bridges 
between aggregations of p a r t i c l e s  t o  produce la rger  f l o c s  which 
can s e t t l e  rnors r ap id ly .  Fig. 28 i n d i c a t e s  t h e  add i t ion  of few 
p a r t s  per m i l  l i o n  of high molecular  weight an ion ic  f l o c c u l a n t  
enhances the f l o c  s e t t l i n g  rate. The e f f e c t  of improving f l o c  
size of high molecular weight anionic f locculant  can be seen on 
Fig, 29. 

F i g .  2 6 .  Flocculation during  t h e  Fig. 27. Flocculation a t  t h e  f i n a l  
second stage . stage.  
Fig. 2 8 .  T h e  effect of anionic flocculant dosage on floc 
sett1ir.g r a t e .  

CEAPTER FIVE 
Conclusions and Recommendations 
5.1 Conclusions 
The mechanism of f l o c c u l a t i o n  using polymers is a very 
complex procesa and poorly understood a t  t h e  present time, Based 
on t h e  t e s t  r e s u l t s ,  t h e  author  b e l i e v e w t h a t  t h e  non-specific 
e l ec t ros ta t i c  farces between c a t i o n i c  f l o c c u l a n t s  and nega t ive  
cha rged  p a r t i c l e  s u r f a c e s  p l a y s  a g o v e r n i n g  r o l e  i n  t h e  
f locculat ion process i n v e s t i g a t e d  under this study. The study 
resulted i n  t h e  following conclusions, 
1. If t h e  non-specif i c  e l e c t r o s t a t i c  f o r c e  i s  important,  
the  select ion of a proper f locculant  will depend on the  sign of 
s u r f a c e  charge of t h e  p a r t i c l e  surface.  With n e g a t i v e  s u r f a c e  
charge p a r t i c l e s ,  t h e  c a t i o n i c  f l o c c u l a n t  i s  expected t o  be 
effective,  On the other hand, an anionic f locculant  is expected 
t o  be e f fec t ive  when the p a r t i c l e  surface is pos i t ive ly  charged. 
Also, t h e  amount of s u r f a c e  charge on t h e  particle su r face  
a f fec t s  the  magnitude of e l e c t r o s t a t i c  force between f locculant  
and p a r t i c l e  surf ace. 
2, Genera l ly  speaking, the higher the p u l p  density, the 
more f locculant  is consumed because of the la rger  surface area of 
the par t ic les ,  The optimum f locculant  dosage a l s o  depends on the 
amount of su r face  charge on t h e  p a r t i c l e  s u r f a c e  which a f f e c t s  
t h e  magnitude of e l e c t r o s t a t i c  bridging force between f locculant  
and p a r t i c l e  surface. 
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3, The a b i l i t y  of resisting overdose f o r  a c e r t a i n  water 
sample decreases with decreasing pulp density of t h a t  sample. To 
avoid overdose, the optimum dosage must be decided precisely when 
l o w  pulp density samples a r e  encountered 
4. A high a g i t a t i o n  r a t e  w i l l  reduce t h e  a g i t a t i o n  t ime 
needed t o  complete t h e  f loccula t ion  process but the  probabi l i ty  
of over-agitation is increased a t  high agitation rates. 
5. The a b i l i t y  of r e s i s t i n g  over-agi ta t ion  f o r  a c e r t a i n  
water sample decreases  with i nc reas ing  pu lp  dens i ty  of t h a t  
sample. To avoid over-agitation, t h e  proper agi ta t ion time and 
rate m u s t  be control led c a r e f u l l y  when high pulp density samples 
are encountered. 
6. There is an optimum f l o c c u l a n t  add i t ion  r a t e  f o r  
decreasing turbidity;  i f  a f locculant  is added fas t e r  or s laver  
than the  optimum, the o v e r a l l  turb id i ty  removing e f fec t  w i l l  be 
jeopardized. I n  t h i s  s tudy,  a slow f l o c e u l a n t  a d d i t i o n  r a t e  
always enhanced t h e  f loc s e t t l i n g  rate. 
7. A lower pH value enhances t h e  f locculat ion resu l t s ,  as 
t h e  e x i s t e n c e  of H+ ion  may n e u t r a l i z e  t h e  nega t ive  charged 
particles and cause the  reduction of the repulsive force between 
par t i c l e s ,  but  when t h e  point of zero charge is reached the lower 
pH value becanes detrimental t o  the  f locculat ion r e s u l t  
8. The lower t h e  temperature,  t h e  higher t h e  v i s c o s i t y  of 
t h e  water r e e u l t i n g  i n  a lower s e t t l i n g  r a t e  of t h e  flocs. The 
temperature e f fec ts  on residual  turbidi ty  a f t e r  f loccula t ion  a r e  
neglected i n  t h e  high pu lp  d e n s i t y  samples as i n t e r p a r t i c l e  
c o l l i s i o n s  of these are not affected. 
9. Adding a s m a l l  amount of high molecular  weight a n i o n i c  
f l o c c u l a n t  enhances f l o c  s i z e  and s t r e n g t h  dramat ica l ly .  If  
highly in tens ive  shear force is encountered i n  the l a t e r  sol id-  
l i q u i d  s e p a r a t i o n  process, f o r  example, a hydrocyclone, t h e  
a d d i t i o n  of a s m a l l  amount of high molecular  weight a n i o n i c  
f loccu lan t  t o  strengthen the  f l o c s  is highly recomended. 
10. In  so f a r  as the special conditions of placer mining i n  
Alaska a r e  concerned, the author bel ieves  t h a t  a s e t t l i n g  pond i s  
one of the most pract ical  methods fo r  t rea t ing  discharge water, 
i f  economically achievable f o r  the individual  mining operation. 
Also, a s e t t l i n g  pond is t h e  most p rac t i ca l  method for  t h e  sol id-  
l iqu id  separation a f t e r  f locculation, 
3.2 Recommendations 
A, Pract ical  Application 
A recommended p r a c t i c a l  a p p l i c a t i o n  of t h e  f l o c c u l a t i o n  
process t o  control turbidi ty  of effluents from a placer mine site 
is s h m  on Fig. 30, The wastewater discharge from a s l u i c e  box 
passes  through a s e r i e s  of s e t t l i n g  ponds where a cons iderable  
amount of suspended so l ids  a r e  removed The number of s e t t l i n g  
ponds employed is dependent on the pulp density of the discharged 
water. When t h e  p u l p  dens i ty  of discharged water is h igh ,  more 
s e t t l i n g  ponds are needed t o  reduce t h e  amount of f l o c c u l a n t  




Fig. 30. The reco-nended flowsheet of flocculation 
process.  
two m t t l i n g  ponds is fed i n t o  two mixing tanks a l t e r n a t i v e l y  i n  
order t o  maintain continuous operation. Diluted f locculant  
s tock  s o l u t i o n  or  s o l u t i o n s  is added a t  t h i s  p o i n t  and mixed 
thoroughly with s e t t l i n g  ponds eff luents  for  a t  l e a s t  3 minutes. 
The discharge from mixing tank is then d e l i v e r e d  t o  t h e  f i n a l  
"polishingn pond where sol id- l iquid separation take place and t h e  
I .' 
e f f luen t s  axe discharged t o  the stream. 
B o  Economic Evaluation 
The c o s t  of t h e  recommended a p p l i c a t i o n  comes from four  
major c a t e g o r i e s  which i n c l u d e  s e t t l i n g  ponds cons t ruc t ion ,  
d i s p s a l  of sediments, mixing system and chemicals, The coat o f  
s e t t l i n g  ponds and d i s p o s a l  of sediments a r e  c o s t  i n h e r e n t  t o  
placer opera t ion  wi th  o r  without  chemical-aided se t t l ing .  The 
cost  of a mixing system i n c l u d i n g  mixing tanks,  pumps and power 
supply and was es t ima ted  from $40,000 t o  $70,000 f o r  a normal 
capac i ty  opera t ion  by S t a n l e y  Association Engineering (1985). 
The optimum concentration and dosage for  Superfloc 340 is 1% and 
15 ppm f o r  water sample from t h e  Gilmore Creek area. T h i s  
reagent  consumption can be converted t o  0.25 l b  Super f loc  340 
required for treatment of 1000 gal lons of wastewater. Chemical 
c o s t s  can be c a l c u l a t e d  under t h e  optimum cond i t ions  and 
f 01 lowing assumptions: 
Average water consumption: 3,000 gal/min 
Recycled water percentage: 80% 
Treated water percentage : 20% 
Operating hours per day : 1 0  hours 
Operating days per year: 150 days 
The chemical cost  based on t h i s  assumption is $8,100 per 
year. Costs which should  be taken i n t o  account t o  perfect a 
t r e a t m e n t  des ign ,  s u c h  a s  of labor, u t i l i t i e s ,  etc., a r e  
neglected here. 
C. Recom~nendations fo r  Further Study 
1. The development  of q u a n t i t a t i v e  models f o r  t h e  
interact ions between f locculant  and p a ~ t i c l e  eurf ace. 
2. The a p p l i c a t i o n  of f l o c c u l a t i o n  t o  treat p l a c e f  mine 
e f f l u e n t s  i n  Alaska m e r i t s  f u r t h e r  f i e l d  t e s t i n g  t o  determine 
usable products, e f f i c i en t  d ispersa l  systems, and r e l a t i v e  COSL 
3. A variety of f locculants  should be jar tes ted a t  several 
p l a c e r  mine s i t e 8  i n  i n t e r i o r  Alaska under s i t e  s p e c i f i c  
temperature and water chemistry conditions t o  identify the  most 
e f f i c i e n t  flocculants. 
4. Treatment  w i t h  f l o c c u l a n t s  s h o u l d  be t e s t e d  i n  
conjunct ion  with other  treatments, i nc lud ing  f i l t r a t i o n  and 
cyclone solid-liquid separation. 
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Sunaaary Excerpts from EPA ~r oposed Effluent ~ i m i ~ t i o n s  
<20 yds3/daY No limitations None None 
>20 yda3/d9y 0.2 ml/L SS BCT-BPT' BAT=BCT=BPT 
to 500 yds /day 2,000 mg/L TSS 
all mines (Simple settling) 
all sxc. large same as above Process water- BATPBCT 
dredges > no discharge 
4,000 yda/day (recycling) 
excess water- 
0 02 d / L  SS 
2,000 mg/L TSS 
(simple se t t l ing )  
dredges > Process water 
4,000 ya3/day no discharge BCT-BPr BA-BCPIBPT 
(recycling) 
excess water- 
0.2 ml/L SS 
2,000 mg/L TSS 
(aimple se t t l ing)  
<l,500 yds/yr. No limits- None None None 
tiona 
>1,500 0.2 ml/L SS m B P T  Process water- NSPS-BAT 
<70,000 ydsf/yr. (Simple no discharge (small open-cut) sett ing)  (recycling) 
excess water- 
0.2 ml/L SS 
(simple sett l ing)  
70, 00-230 9 yda /yr. 
(medium, 
opan-cu t 
,000 0.2 ml/L SS Proceas water- 
( Simple no discharge 
settling (recycling) 
excess water- 
115 mg/L TSS 
(chemical 
treatnrent 1 
or no limitation 
(simple 
settling) 
Proceos water- same 
no discharge options 
(recycling) as at 
excesa water- BAT 
0.2 ml/L SS 
(simple settling) 
or 0.2 ml/L SS 
and 115 mg/L TSS 
(chem. treatment 
>ug ,000 0.2 ml/L SS same optional' same same 
yds /yr. (simple as for medium, 
(large, settling) open cut mines 
opencu t 
Dt edges no discharge seume options same same 
(recycling) as medium and 
excesEi water- large opcn-cut 
0.2 mg/L SS mines 
(simple 
settling) 
Wentnorth Size Class 
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Sample Solution Preparation Procedure 
for  DCP Spectranetric Analysis 
M i x  0.20 g of -200 mesh sample with 1.00 g of l i t h i u m  
metabarate, t r a n s f e r  t o  a high-puri ty  g r a p h i t e  fua ion  crucible 
1 ' 
and place i n  a m u f f l e  fu rnace  a t  1000 degree C for  10  minutes, 
W i t h  a pipct transfer 100.0 m l  of the  4% HN03 dissolving solu t ion  
to  a flat-bottomed 200 r n l  t e f l o n  or  polypropylen beaker and add a 
tef lon-covered s t i r r i n g  bar. Remove t h e  c r u c i b l e  from the 
furnace, swirl t o  gather uncoalesced beads of molten material and 
pour the melt i n t o  the beaker, Cover t o  l i m i t  evaporation loaa, 
and s t i r  gently over  a magnetic s t i r r i n g  u n i t  wi thout  hea t ing  
u n t i l  s o l u t i o n  is complete, Transfer  t h e  s o l u t i o n  t o  a c l e a n  
p l a s t i c  b o t t l e  with a t i g h t l y  f i t t i n g  cap, Pipet 4.0 m l  of 2000 
ppm s o l u t i o n  and add 69,O m l  of t h e  1 0  ppm Ge s o l u t i o n  by means 
of a pipet, The concentration of t h e  sample for  the  determination 
of A l ,  Cat Fe, Kt Elg, Na, Si is 125 ppm. 
